Because of the worldwide shortage of renal grafts, kidney transplantation (KTx) from donors after cardiac death (DCD) is an alternative way to obtain KTx from brain-dead donors. Although the prognosis of DCD KTx is gradually improving, the graft often undergoes delayed graft function (DGF), rendering the control of DGF essential for post-KTx patient care. In an attempt to characterize etiology of DGF, genome-wide gene expression profiling was performed using renal biopsy samples performed at 1 h after KTx from DCD and the data were compared with those of KTx from living donors (LD). A total of 526 genes were differentially expressed between them. Genes involved in acute inflammation were activated, while metabolic pathways were consistently downregulated in DCD. These findings imply the inferior performance of the DCD grafts relative to LD grafts. Several genes were identified where the expression levels were correlated well with parameters indicating short-and long-term prognosis of the DCD patients. In addition, several genes encoding secretory proteins were identified that might reflect the performance of the graft and be potential noninvasive biomarkers. These data provide a good source for candidates of biomarkers that are potentially useful for the control of DGF.
INTRODUCTION
486 kidneys were retrieved from DCD at our single center, representing approximately 10% of all kidneys procured in Japan. Although they were often transplanted Kidney transplantation (KTx) is one of the options for treatment of end-stage renal diseases. During the past in suboptimal conditions, an in situ regional cooling technique preserved excellent renal function and good several decades, and particularly in recent years, the outcome of KTx has improved progressively because of a long-term graft survival (6, 10, 11) . KTx of DCD grafts are still associated with a high better understanding of the mechanism of organ failure, improvements in surgical and perioperative manage-incidence of delayed graft function (DGF) and/or primary nonfunction (PNF) during the early posttransplan-ment, greater insight into the process of organ rejection, and the development of better immunosuppression pro-tation period. The incidence of PNF is as small as 5%, but the majority of grafts undergo some degree of DGF tocols (1). Deceased donor kidneys, mainly from braindead donors, are generally used although the outcomes (6, 10, 11) . DGF predisposes the graft to both acute and chronic rejection, thus indicating that DGF is a crucial are less satisfactory over both the short and long term than those of grafting from living donors (LD) (1). How-risk factor for the short-and long-term survival of the graft and prognosis of the recipients (2, 4, 5, 12 ,17-20, ever, because of a worldwide shortage of renal grafts, transplantation from donors after cardiac death (DCD) 24). These situations, particularly in Japan, prompted the attempt to understand the etiology of DGF and to estab-is becoming an alternative method to that from braindead donors (15, 22, 23) . In addition, because legal and lish highly sensitive prognostic markers for DGF in KTx from DCD. This study examined the genome-wide ex-ethical problems preclude brain-dead donors, most of the cadaveric kidneys used over the past 3 decades in pression profile of the transplanted kidney using an oligonucleotide microarray. One-hour biopsy samples from Japan have been derived from DCD. Since April 1979, 648 KUSAKA ET AL. DCD KTx were analyzed and we compared the data dles. Biopsy samples were stored immediately in RNA later (Applied Biosystems). Total cellular RNA was ex-with those from LD to achieve a better understanding of the molecular pathway for DGF and to identify novel tracted from frozen samples using RNeasy (Qiagen, Valencia, CA, USA). biomarkers that are potentially used as an indicator of the recovery of graft function.
Microarray Analysis MATERIALS AND METHODS
For DNA microarray experiments, 200-ng aliquots of Study Design total RNA were labeled using the Agilent Low RNA Input Fluorescent Linear Amplification Kit (Agilent This investigation was approved by the Institutional Technologies, CA) according to the manufacturer's in-Review Boards of this center. Written informed consent structions. RNA purified from each kidney graft was was obtained from each patient or their legal guardian used for microarray analysis (Cy5 labeled), with pooled before enrollment. Patients undergoing either a living (n = RNA derived from normal kidneys (Homan Kidney To-15) or DCD KTx (n = 14) at this center were prospectal RNA #636529 BD, Franklin Lakes, NJ, USA) as a tively enrolled. The immunosuppressive regimen was template control (Cy3 labeled). After checking the labelsimilar in all patients, consisting of basiliximab, tacroliing efficiency, 1 µg aliquots of Cy3-labeled normal conmus, or cyclosporine with prednisone and mycophenotrol RNA and Cy5-labeled RNA from individual grafts late mofetil.
were mixed, and then hybridized to Agilent Human 1A The clinical characteristics of the patients undergoing (Ver. 2) Microarrays (Product No. G4110B) according KTx from DCD are shown in Table 1 . Kidney grafts to the manufacturer's hybridization protocol. After were procured at this center using an in situ regional washing, the microarray slides were analyzed with an cooling technique from DCD. All donors after cardiac Agilent Microarray scanner and software (scanner model death from this hospital were classified as type IV in G2565BA). Data analysis was performed using Agilent this study. The cause of donor death was cerebrovascu-Feature Extraction software (Ver. A.7.1.1), and Excel lar disease in all cases. Although most of those cases 2007 (Microsoft). required hemodialysis (HD: 0-22 days) after KTx be-
The data were imported into GeneSpring GX 7.3.1 cause of DGF, the function of all of transplanted kidneys (Silicon Genetics, Redwood City, CA), and per spot, per eventually recovered. All kidney grafts from LD were chip, and then intensity dependent (lowess) normalizaprocured by an open nephrectomy in this study.
tion was applied for each array. To avoid any false-posi-One-Hour Biopsy and RNA Extraction tive signals, genes for which the signal levels of the normal reference sample were below 20 were excluded. The Graft biopsies were performed 1 h after reperfusion during the kidney transplant operation using biopsy nee-ratio of the normalized channels (Cy5/Cy3) was used to assess the level of expression among the samples. The was incubated for 60 min at 37°C and then was boiled at 95°C for 5 min to arrest the reaction. GeneSpring software was also used to perform gene ontology (GO) analysis, in which genes were organized A real-time PCR analysis was performed with a LightCycler apparatus (Roche Diagnostics, Tokyo, Ja-into hierarchical categories based on biological process and molecular function. The data were also transferred pan). The primers and probes were designed with the assistance of the Oligo 4.0 computer program (National to the Ingenuity Pathway Analysis (v. 5.1.1; Ingenuity, Redwood City, CA), a web-based application that assists Biosciences, Plymouth, MN), and the primer and probe sequences for the genes are displayed in Table 2 . For biologists to discover, visualize, and explore networks relevant to their gene expression array data sets. Primary construction of the plasmid calibrators, the PCR products of each gene were cloned into pGEM T Easy Vec-microarray data are available at Fujita Health University Microarray Database (http://www.fujita-hu.ac.jp/ϳgenome/ tor (Promega, Tokyo, Japan) and sequenced. Standard curves were generated using serially diluted solutions of ma/index.html) and the Gene Expression Omnibus (GEO; accession number GSE10419). each plasmid clone. The sensitivity was usually in the range of 10 1 to 10 10 copies/µl.
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Statistical Analyses
The results are expressed as the mean ± SEM. Statis-For the preparation of cDNAs, 4 µg of heat-denatured RNA was used in a reverse transcription (RT) reaction. tical comparison between groups was performed by Student's t-test and one-way analysis of variance (ANOVA, The reaction mixture (total volume, 20 µl) contained 4 µg of RNA, 0.5 mM of each dNTP, 6 µg of random Multiple Testing Correction using Westfall and Young Permutation in the GeneSpring software), and differ-primers (Invitrogen, Japan), 10 U of RNase inhibitor, and 4 U of reverse transcriptase with the appropriate ences were considered to be significant at p < 0.05. Correlations were evaluated with linear straight-line regres-buffer from the Omniscript RT Kit (Qiagen, Japan) according to the manufacturer's instructions. The solution sion. In significant difference tests, p-values were calculated with the z conversion of Fisher's r. Values of There were 122 upregulated genes, while 404 genes were downregulated relative to the normal kidney. In the p < 0.05 were also considered statistically significant. 526 genes, the expression of 117 genes was greater than RESULTS that of LD, while that of 409 genes was smaller. The genes significantly upregulated in the DCD group and Analysis of Gene Expression Profiles that were at least twofold changes than that of normal A microarray analysis was done on two groups of 1kidneys are shown in Table 3 . h biopsy samples of KTx: 15 kidneys from LD KTx and 14 kidneys from DCD KTx. A total of 29 samples were Molecular Functions and Biological Processes examined for the expression of all 20,173 genes in the of the Differentially Expressed Genes array. After the exclusion of certain genes with low signals from analysis, a total of 17,498 genes were sub-To further elucidate the biological processes of DGF that are specifically activated in kidney grafts from jected to further analysis. To understand the etiology of the DGF that inevitably arises in DCD KTx, data from DCD, a GO analysis of the 526 genes that were expressed differentially between 1-h biopsy samples from the DCD group were compared with those from LD group and select genes that showed significantly differ-DCD and LD was conducted. These genes were assigned to six functional categories for biological pro-ent expression levels between the two groups (p < 0.05). A total of 526 genes were found to show significantly cesses and nine further categories corresponding to molecular function (Fig. 1) . The most significant GO different expression profiles between the two groups. biological process category was found to be "metabo-acid metabolism, glycerolipid metabolism, butanoate metabolism, xenobiotic metabolism signaling, and tryp-lism" followed by "cell growth and/or maintenance." For the molecular function category, "transporter activ-tophan metabolism pathways as well as the complement and coagulation cascades were the most significant for ity" was high on the list, while "chaperon activity" was also on the list. the gene data set and high up on the list. Most of these top 10 pathways are associated with metabolism, which The biological processes involved in the activated genes in kidney grafts from DCD were further investi-is consistent with the findings of the GO analysis. Notably, almost all of the genes identified on these pathways gated, based upon the gene expression data, by performing an IPA analysis of the genes differentially expressed were downregulated in the DCD group and upregulated in the LD group relative to the normal kidney (Fig. 2) . between the groups. First, the selected 526 genes were imported to the IPA database including the molecular In contrast, in the complement and coagulation cascades, almost all of the genes focused on this cascade were pathways that were formally acknowledged (Canonical Pathways). Pyruvate metabolism, valine, leucine, and upregulated in the DCD group and downregulated in the LD group (Fig. 2B ). isoleucine degeneration, β-alanine metabolism, fatty Several noncanonical networks were also generated (galactosidase, alpha), were found to be significant (p < 0.05) (Fig. 3A) . On the other hand, for a long-term prog-from the imported gene sets (Table 4 ). Along with the pathways involving inflammation or metabolism, path-nosis, the lowest serum creatinine levels during 1-year post-KTx were used. The expression levels of two ways for cellular compromise or cell death were high up on the list. The network focus genes of this pathway genes, GJA12 (gap junction protein, alpha 12) and PSMB10 (proteasome prosome, macropain, subunit, included the heat shock proteins as well as caspase, which are associated with apoptosis. beta type, 10), were found to be correlated with the serum creatinine values (Fig. 3B) .
Novel Biological Markers
It was obviously expected that soluble factors secreted into the blood or urine could be used to establish To identify novel biomarkers that might provide an indication of the prognosis of the DCD recipients, the a diagnostic or prognostic system. The 526 genes were surveyed to identify genes encoding proteins with sig-expression levels of each gene was correlated with the parameters that reflect prognosis of the patients. The naling sequences. The identified genes included REG1A (regenerating islet-derived 1 alpha), TIMP1 (tissue in-length of dialysis post-DCD KTx was used as a parameter indicating short-term prognosis. When the expression hibitor of metalloproteinase 1), SLPI (secretory leukocyte protease inhibitor), and LTF (lactotransferrin), which levels of the 526 genes were examined for any correlation with the length of dialysis post-KTx, two genes, are not known to be associated with renal transplantation graft failures. The validation of the microarray experi-FTHL17 (ferritin, heavy polypeptide-like 17) and GLA *Pathways with a score greater than 4 (p < 0.0001) were combined to form a composite network representing the underlying biology of the process.
ments was performed by real-time PCR (Fig. 4 ). All four comprehensive analysis because multiple factors are involved. In fact, the previous data obtained from a rat KTx genes were upregulated significantly in the DCD group relative to the LD group (p < 0.05). The encoded pro-model system demonstrated that the expression profile of the kidney samples were dramatically changed between teins are potential noninvasive indicators of the presence or absence of DGF.
the samples obtained at 0 h and 1 h post-KTx (8) .
In this study, one of the goals is better understanding DISCUSSION of etiology of the DGF that exerts a profound influence on outcome of a DCD KTx. The pathways for comple-To obtain information about a transplanted kidney, a biopsy is routinely performed 1 h after transplantation. ment and coagulation are activated, suggesting the presence of an acute inflammatory reaction. It is unlikely the This is used to check for preexisting lesions in the donor kidney, but it has not been helpful as an indicator for consequence of a donor-recipient immunological interaction but the effect of systemic inflammation of the therapeutic intervention. Indeed, the efficacy of a 0-h biopsy has also been discussed (3) . The interpretation of cadaveric organ donors (16). Cytokines as well as chemokines are also high up on the list possibly for a similar the data from a 0-h biopsy samples is simple because it reflects solely donor factors that were believed to affect reason (9) . On the other hand, genes involved in cellular metabolism were mostly downregulated, as were trans-the performance of transplanted organ. However, recent findings suggest the importance of recipient factors in porter genes. This suggests that the influence of ischemia/reperfusion damage may reduce either the organ addition to the donor factors (21) . Therefore, to estimate the performance of a transplanted organ, it is reasonable metabolism or transporter activity, thus leading to compromised homeostasis of the grafts in DCD KTx. Be-to examine the information obtained from the 1-h biopsy samples that should reflect both donor and recipient fac-cause this finding has never been reported in the expression profile for kidneys from brain-dead donors, a DCD tors, although the interpretation of the data requires a kidney might be unlikely to show comparable perfor-tients, they can be measured by quantitative RT-PCR using 1-h biopsy samples. A more thorough analysis us-mance to that from brain-dead donors (7) . These findings imply the inferior performance of the DCD grafts ing a larger sample population would reinforce the validity of these markers. relative to LD. In addition, genes encoding molecular chaperons such as Hsp70 or Hsp90 are upregulated. This
Other differentially expressed genes in 1-h biopsy specimens should reflect the transplanted organ perfor-upregulation may prevent the deterioration of the DCD kidneys for an acute postoperative period, although the mance and can also be used as a marker indicating the levels for DGF. Although determination of the expres-protective activity of heat shock proteins to DCD grafts remains controversial (9, 14) . sion levels in RNA isolated from blood or urine of the patients can be a target for noninvasive diagnosis (13), Another of the goals was to identify novel biomarkers that might provide information for the prognosis or estimation of secretory proteins levels may be better biomarkers for evaluation of transplanted organ perfor-the proper timing for therapeutic intervention. These genes should reflect the level of DGF that indicates the mance. Four genes were identified that encoded secretory proteins (TIMP-1, REG1A, Lactotransferrin, and prognosis after DCD KTx. The length of dialysis post-KTx and the lowest serum creatinine levels during 1-SLPI). The serum or urine levels of these proteins will be determined to establish an evaluation system for year post-KTx were used as parameters indicating the short-term and long-term prognosis, respectively. Two DCD KTx. genes (FTHL17 and GLA) associated with the short-REFERENCES term indicator and two (GJA12 and PSMB10) genes as- would be undetectable in serum or urine from the pa-
